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For viral replication to occur in host cells, low-molecular-weight metabolites are necessary
for virion assembly. Recently, metabolomics has shown great promise in uncovering the
highly complex mechanisms associated with virus-host interactions. In this study, the
metabolic networks in PK-15 cells infected with a variant virulent or classical attenuated
pseudorabies virus (PRV) strains were explored using gas chromatography-mass
spectrometry (GC-MS) analysis. Although total numbers of metabolites whose levels
were altered by infection with the variant virulent strain or the classical attenuated strain
were different at 8 and 16 h post infection (hpi), the predicted levels of differential metabolic
components were shown to be associated with specific pathways, including glycolysis as
well as amino acid and nucleotide metabolism. The glucose depletion and glycolysis
inhibitors 2DG and oxamate could reduce the level of PRV replication in PK-15 cells. In
addition, the inhibition of the pentose phosphate pathway (PPP) resulted in an obvious
decline of viral titers, but the prevention of oxidative phosphorylation in the tricarboxylic
acid (TCA) cycle had a minimal effect on viral replication. Glutamine starvation resulted in
the decline of viral titers, which could be restored by supplemental addition in the culture
media. However, inhibition of glutaminase (GLS) activity or the supplement of 2-
ketoglutarate into glutamine-deleted DMEM did not alter PRV replication in PK-15 cells.
The results of the current study indicate that PRV reprograms the metabolic activities of
PK-15 cells. The metabolic flux from glycolysis, PPP and glutamine metabolism to
nucleotide biosynthesis was essential for PRV to enhance its replication. This study will
help to identify the biochemical materials utilized by PRV replication in host cells, and this
knowledge can aid in developing new antiviral strategies.

Keywords: metabolomics, metabolic activity, pseudorabies virus (PRV), variant virulent strain, classical attenuated
strain, PK-15 cells
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INTRODUCTION

Pseudorabies virus (PRV) is a member of the family
Herpesviridae that is related to herpes simplex virus 1 (HSV-1)
(Mettenleiter, 2000; Klupp et al., 2004). PRV is the etiological
agent of Aujeszky’s disease and can infect variety of mammals,
including pigs, ruminants, carnivores, and rodents (Szpara et al.,
2011). Interestingly, latent PRV infection can only occur in pigs,
which are considered to be the natural host for this virus
(Pomeranz et al., 2005; Fonseca et al., 2010). Aujeszky’s disease
is characterized by abnormal nervous symptoms and death in
newborn pigs, whereas older pigs exhibit respiratory disorders or
reproductive failure (Sun et al., 2016). Since 2012, PRV variant
virulent strains have been reported to be epidemic in China (Yu
et al., 2014). PRV variants have been shown to be more virulent
than the classical strains toward older pigs (Yang et al., 2016).
Recently, PRV variants were reported to be related to acute
human encephalitis cases (Liu et al., 2020).

For viral replication to occur in host cells, metabolites and
energy are necessary for viral biopolymer synthesis and virion
assembly. As low-molecular-weight compounds are the basis of
metabolic activity, their levels can accurately reflect the response of
host cells to viral infection (Munger et al., 2008; Amador-Noguez
et al., 2010). Currently, improved metabolomics has made it
possible to analyze the mechanisms through which viruses utilize
low molecular weight metabolites in host cells. Metabolomics has
shown great promise in uncovering complex virus-host
interactions. For example, increased 7-dehydrocholesterol levels
were shown to be associated with cholesterol metabolism disorder
in host cells infected with hepatitis B virus (Rodgers et al., 2009).
HSV-1 was shown to alter normal metabolic homeostasis in
quiescent and growing cells and to stimulate aspects of glycolysis,
the tricarboxylic acid(TCA) cycle, and pyrimidine biosynthetic
metabolic pathways (Vastag et al,, 2011). Although human
cytomegalovirus (HCMV) belongs to the same family
(Herpesviridae) as HSV-1, HCMV reorganizes its own metabolic
program in host cells (Munger et al.,, 2006). Lipid metabolism is
primarily regulated by HCMV to produce substrates for
replication, whereas deoxypyrimidine metabolism is primarily
regulated by HSV-1. Notably, the metabolic profiles of different
host cell types infected with different HSV-1 strains are quite
consistent, and the same phenomenon is observed in HCMV-
infected cells (Munger et al., 2006; Vastag et al, 2011). This
underlines the suggestion that reorganization of metabolic
components might be the basic characteristic of virus replication
in host cells, independent of the differences between multiple
virus strains.

PRV has been demonstrated to hijack RNA transcription and
protein synthesis to enhance its replication in host cells (Paulus
et al,, 2006; Yang et al., 2017). However, how PRV regulates the
production of small molecule metabolites to promote
macromolecular synthesis remains unclear. In this study, gas
chromatography-mass spectrometry (GC-MS) was utilized to
analyze the changes in the metabolic networks of PK-15 cells
infected with different PRV strains, including the variant virulent
GD-WH strain and the classical attenuated Bartha strain.
Although the number of metabolites was different in PK-15

cells infected by the variant virulent strain and the classical
attenuated strain at 8 or 16 h post infection (hpi), we found that
most components altered in response to PRV infection belonged
to consistent metabolic pathways such as glycolysis or amino
acid and nucleotide metabolism. Further experiments showed
that PRV replication was obviously down-regulated by
the glucose depletion and glycolysis inhibitors including 2DG
and oxamate. In addition, the prevention of oxidative
phosphorylation in the TCA cycle had a minimal effect on
viral replication, but the inhibition of the pentose phosphate
pathway (PPP) also resulted in sharp declines of viral titers.
Glutamine starvation resulted in the decline of viral titers, which
could be restored by supplemental addition in the culture media.
However, glutaminase activity inhibition or the supplement of
2-ketoglutarate into glutamine-deleted DMEM did not change
the PRV replication in PK-15 cells. The results of the current
study provide the first evidence that PRV reprograms the
metabolic activity of PK-15 cells to benefit its infection. The
variant virulent strain and the classical attenuated strain
displayed similar metabolic features in PK-15 cells. These
results may offer a better understanding of the biochemical
materials utilized by PRV replication in host cells. This will be
beneficial for exploring small molecular compounds that can be
used as PRV replication inhibitors.

MATERIALS AND METHODS

Cell Culture and Virus

The swine kidney cell line PK-15 (ATCC, CCL-33) was cultured
in Dulbecco’s modified Eagle medium (DMEM) (11965, Gibico)
supplemented with 10% fetal bovine serum (FBS) (Biological
Industries, USA) at 37°C with 5% CO,. The classical attenuated
strain (Bartha) was purchased from the China Veterinary
Culture Collection Center (CVCC Number: AV249). The
currently circulating variant virulent strain (GD-WH)
(GenBank No. KT948051) was isolated from the brain of a pig
suspected to be infected with PRV in 2015. Several rounds of
plaque purification were conducted to obtain the pure virus.
Viral titers were determined in PK-15 cells and were calculated as
the 50% tissue culture infectious dose (TCID50) per milliliter
according to the Spearman-Karber method (Reed and
Muench, 1938).

Growth Kinetics

A PK-15 cell monolayer cultured in a 25-cm” cell culture flask
was infected with the GD-WH or Bartha strain at a multiplicity
of infection (MOI) of 10. At 4, 8, 12, 16, 20, 24, 28, 32, 36, and 40
hpi, 100 pl of cell supernatant was absorbed and stored at —80°C.
The growth kinetics of each viral strain was analyzed according
to viral titers in PK-15 cells.

Sample Preparation for Metabolomics

Assay
Approximately 2x10° PK-15 cells were seeded into 6-cm dishes
24 h before viral infection. Each dish was marked according to

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2021 | Volume 10 | Article 599087


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Gou et al.

Pseudorabies Virus Reprograms Metabolic Profiles

preparation time, with four dishes prepared for each
experimental group (24 total dishes). Cell monolayers were
inoculated with the GD-WH or Bartha strain at an MOI of 10,
with a monolayer inoculated with an equal volume of DMEM
used as the mock infection. After 1 h, the inoculum was
aspirated, and cells were washed twice with phosphate buffer
saline (PBS). Subsequently, DMEM containing no FBS was
added to each dish. All of the dishes were placed in an
incubator for the indicated hours post infection.

At 8 or 16 hpi, the cell medium in each dish was discarded, and
each dish was washed twice with cold PBS. Subsequently, the cells
were quenched with 400 pl of cold methanol and chilled at —80°C
for 30 min. Tridecanoic acid (91988, Sigma) and norvaline (53721,
Sigma) premixed with methanol at a concentration of 1 pug/ml was
used as a quality control (QC) and was maintained at -80°C. Cells
were scraped from the dishes in 400 pl of ultrafiltered, cold water,
and the cell mixture was used for subsequent analysis.

Biochemical Intervention and
Replenishment

For interfering with glycolysis, the TCA cycle, the PPP or
glutamine metabolism, PK-15 cells with 80% confluence in 6-
well cell culture plates were pretreated with one of the following
inhibitors, e.g., 10 or 20 mM 2-deoxyglucose (2DG) (54701,
Selleck), 50 mM sodium oxamate, 1 UM oligomycin A, 500 uM
6-aminonicotinamide (6-AN), or 5 uM BPTES for 4 h. To
accurately analyze the effects of biochemical intervention on
virus replication, PK-15 cells were infected with the GD-WH
strain at an MOI of 1. Then, cells were cultured in fresh medium
containing corresponding inhibitors for 16 h. To analyze the
effect of glucose starvation on PRV replication, PK-15 cells
cultured in 6-well cell plates with 80% confluence were
infected with PRV GD-WH strain at an MOI of 1. Then, cells
were cultured in normal DMEM or depleted DMEM with no
glucose, glutamine, and phenol red (A1443001, Gibico)
supplemented with 2 mM L-glutamine (51749, Selleck) for
16 h. To analyze the effect of glutamine starvation on PRV
replication, PK-15 cells infected with PRV GD-WH strain at an
MOI of 1 were cultured in normal DMEM or glutamine-free
DMEM (11960077, Gibico) for 16 h. In the replenishment
groups, different concentrations of L-glutamine (S1749,
Selleck) or 2-ketoglutarate (S6237, Selleck) were added to the
glutamine-free DMEM.

Cell Viability Assay

A Cell Counting Kit-8 (CCK8) assay kit (C0037, Beyotime) was
used to analyze the cell viability according to the manufacturer’s
instructions. Briefly, PK-15 cells were cultured in 96-well culture
plates at a seeding density of 1 x 10* cells per well for 24 h. Then,
the medium was replaced with 100 ul of DMEM containing one
of the following inhibitors: 10 or 20 mM 2-deoxyglucose (2DG)
(54701, Selleck), 50 mM sodium oxamate, 1 M oligomycin A,
500 UM 6-aminonicotinamide (6-AN), or 5 UM BPTES. After
16 h, cells were washed twice with PBS and cultured in 100 ul of
DMEM containing 10 pl of CCK8 for 1 h at 37°C. The optical
density was measured at 570 nm by using a model 680
microplate reader (Bio-Tek).

Metabolite Extraction and Gas
Chromatography-Mass Spectrometry
Analysis

After the methanol content of the cell mixture was adjusted to
80%, cells were lysed by five rounds of ultra-sonication (a
duration of 1 min) at 1 min intervals. After centrifugation at
14,000 g for 15 min at 4°C, 500 pl of each cell lysate supernatant
was combined with 10 pl L-norleucine (50 pg/ml). Subsequently,
the miscible liquid was evaporated to dryness under a stream of
nitrogen. The residue was then redissolved in 30 pl of pyridine
containing 20 mg/ml methoxyamine hydrochloride. Following
an incubation at 37°C for 90 min, 30 pl of BSTFA (in 1% TMCS)
was added. After the resulting mixture was derivatized at 70°C
for 60 min, 2 pl of the mixture was analyzed by GC-MS (Agilent
7890A/5975C, Agilent Technologies). The QCs pooled from all
samples were prepared and analyzed using the same procedure as
that used for the experimental samples. The GC-MS analysis and
data preprocessing methods were performed as described
previously by Gou et al. (2017).

Statistical Analysis of Gas
Chromatography-Mass Spectrometry Data
For multivariate statistical analysis, including principal
component analysis (PCA) and orthorhombic partial least-
squares discriminant analysis (OPLS-DA), the data were
normalized prior to being preprocessed by unit variance
scaling and mean centering using SIMCA (version 14.1,
Umetrics, Sweden). The R>X or R*Y and Q? values were used
to evaluate the model quality. R°X (PCA) or R*Y (PLS-DA and
OPLS-DA) is described as the proportion of variance in the data
explained by the model and indicates the goodness of fit, while
Q’ is described as the proportion of variance in the data
predicted by the model and indicates the predictability of the
current model. To avoid model over-fitting, a default seven
rounds of cross-validation in the SIMCA software was
performed throughout the analysis.

Identification and Statistical Analysis of
Differential Metabolites

For univariate statistical analysis, the normalized data were
analyzed in the “muma” software package in the R platform. A
parametric test was performed on normally distributed data
using Welch’s t-test, while a nonparametric test was performed
on the non-normally distributed data using the Wilcoxon-
Mann-Whitney test.

The variable importance in the projection (VIP) values (>1)
in the OPLS-DA model and the P values (<0.05) from the
univariate statistical analysis were used to identify potential
differential metabolites. Fold change was calculated as the
binary logarithm of the average normalized peak intensity ratio
between Groups 1 and 2. A positive value indicates that the
average mass response of Group 1 was higher than that of Group
2, whereas a negative value indicates a lower average mass
response of Group 1 compared to Group 2.
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RESULTS

Growth Kinetics of the Variant Virulent and
Classical Attenuated Pseudorabies Virus
Strains

Viral titers of the variant virulent (GD-WH) strain were higher
than that of the classical attenuated (Bartha) strain at each time
point tested (Figure 1A). The peak viral titers of the GD-WH
and Bartha strains were observed at 24 and 32 hpi, respectively.
This result indicated that the GD-WH strain replicated faster
than the Bartha strain in PK-15 cells. Both the GD-WH and
Bartha PRV strains caused obvious cytopathologic effects in PK-
15 cells at 24 hpi (Figure 1B). Considering that the GD-WH
strain began to cause rounding and floating of almost all of the
PK-15 cells by 24 hpi, PK-15 cells infected with the GD-WH and
Bartha PRV strains at 8 and 16 hpi were sampled for subsequent
GC-MS analysis to ensure that enough adherent cells
were obtained.

Principal Component Analysis of
Metabolites Analyzed by Gas
Chromatography-Mass Spectrometry

The total ion current (TIC) chromatograms of all the samples in
each group showed that the GC-MS method was suitable for the
metabolite analyses performed in this study. Representative TIC
chromatograms in each group are shown in Figure S1. The PCA

*kk

Virus titer (IgTCIDgy/ml)
=N
1

model typically reflected the differences between the groups. To
analyze whether PRV altered the composition of metabolites in
PK-15 cells, the PCA model was used to analyze the data
produced by the GC-MS analysis. The model cumulative
interpretation rate, R?*X (=0.809), demonstrated that PCA was
suitable for determining the differences between the groups. In
the PCA score map (Figure 2A), the QC group was concentrated
in the middle region, demonstrating the good reliability and
satisfactory reproducibility of the GC-MS method used in this
study. The different distributions of the GD-WH and Bartha
groups with mock groups at 8 and 16 hpi in the PCA score map
indicated that PRV reprogrammed the metabolic composition of
PK-15 cells. This result was further supported by different
trajectory locations of the GD-WH and Bartha groups with
mock groups in the three-dimensional score plots (Figure 2B).

Differential Metabolite Analysis

Because metabolomic analyses are more sensitive than
transcriptomic or proteomics analyses, the OPLS-DA model
was more successful in eliminating the effects of the genetic
background and environmental disturbances compared with the
PCA model. To precisely explore the changes in metabolites
between the virus-infected and mock groups at different hpi, the
OPLS-DA model was subsequently used to evaluate the GC-MS
data. Similar to the PCA model, the OPLS-DA model also
showed notably different distributions between the virus-

*hk  khR  gpn

*k%  gexn

-~ GD-WH MOI=10

-4~ Bartha MOI=10

FIGURE 1 | (A) Growth kinetics of the variant virulent and classical attenuated pseudorabies virus (PRV) strains. PK-15 cells were infected with the variant virulent
(GD-WH) or classical attenuated (Bartha) PRV strains (MOI = 10), and the growth kinetics of each strain was analyzed as described in the Materials and Methods
(mean £ SD; n=3; *P < 0.5; **P < 0.001). P values were calculated using two-way ANOVA. (B) Cytopathic effects of PK-15 cells infected with the variant virulent or
classical attenuated PRV strains at 24 hpi. PK-15 cells were infected with the variant virulent (GD-WH) or classical attenuated (Bartha) PRV strains (MOI=10). At 24
hpi, the cytopathic effects of PRV infection of PK-15 cells were observed (scale bars=400 um).
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FIGURE 2 | Principal component analysis (PCA) of gas chromatography-mass spectrometry (GC-MS) spectra. (A) Multivariate analysis of GC-MS spectra of
metabolites using the PCA model. (B) Three-dimensional trajectory analysis of the PCA score plots. In all images, W8 and W16 represent the groups infected with
the variant virulent (GD-WH) strain; B8 and B16 represent the groups infected with the classical attenuated (Bartha) strain; M8 and M16 represent the mock groups,

and QC represents the quality control group.

infected and mock groups at each hpi. Furthermore, the results of
the permutation test confirmed the good fit of this model (Figure
S2). When the VIP value (>1) of the OPLS-DA model and the
P value (<0.05) of the univariate statistical analysis were set,
the differential metabolites were determined according to their
fold changes. The numbers of metabolites altered in response
to the GD-WH infection were 45 and 41 at 8 and 16 hpi
(Supplementary Tables S1 and S2, respectively). The numbers
of differential metabolites in PK-15 cells infected with the Bartha
strain were 31 and 43 at different hpi, shown in Supplementary
Tables S3 and S4, respectively. Heatmap analysis was performed
to display the relationships of differential metabolites in PK-15
cells infected with the GD-WH or Bartha strain at 8 and 16 hpi.
Our data indicated that 20 differential metabolites appeared on
the heatmaps of both the GD-WH and Bartha strains at 8 hpi
(Figures 3A, C); these included glyceraldehyde-3P, glycerone-P,
lactate, 2-oxoglutarate, thymine, adenine, glutamine, and
asparagine. Similarly, 19 differential metabolites appeared on
the heatmaps of the GD-WH and Bartha strains at 16 hpi
(Figures 3B, D). This tells us that different metabolic features
may be associated with the GD-WH and Bartha strains infecting
PK-15 cells.

Metabolic Pathway Analysis

Changes in the levels of metabolites at crucial positions in
networks are more likely to reflect the flow of pathways than
changes at relatively marginal positions. To explore potential
pathways in PK-15 cells altered in response to PRV infection, the
connections of differential metabolites that appeared on the
heatmaps of both the GD-WH and Bartha strains were
identified with metabolic pathways according to the KEGG
PATHWAY Database. As shown in Figure 4, many differential

metabolites were related to glycolysis, TCA cycle, amino acid
metabolism, and nucleotide metabolism at 8 and 16 hpi in the
GD-WH or Bartha strains infecting PK-15 cells.

Identification of the Effect of the Glycolysis
on Pseudorabies Virus Replication

The levels of gluconate-6-phosphate in PK-15 cells infected by
the GD-WH strain was continuously down-regulated at 8 and 16
hpi, but decreased levels of gluconate-6-phosphate were only
detected in PK-15 cells infected by the Bartha strain at 16 hpi
(Figures 4A, B). In addition, decreased levels of D-fructose-6p
were observed in glycolysis in PK-15 cells infected with the GD-
WH strain at 8 and 16 hpi, but not in cells infected by the Bartha
strain (Figures 4A, B). The different regulation levels of
gluconate-6-phosphate and D-fructose-6p might be attributed
to the slower replication speed of the Bartha strain than the GD-
WH strain, and the basal content of these metabolites in PK-15
cells was sufficient for Bartha strain consumption at 8 hpi.
Considering that glyceraldehyde-3P and glycerone-P were both
increased in PK-15 cells infected by different PRV strains at 8
and 16 hpi (Figures 4A, B), we speculated that glycolysis might
have been enhanced for PRV replication. To explore this
hypothesis, we inhibited glycolysis of PRV-infected cells by
using 2-deoxyglucose (2DG), a glucose analog that blocks
glycolysis. PK-15 cells were infected with the GD-WH strain
and then treated with different concentrations of 2DG (10 and 20
mM). The results indicated an obvious decrease of viral titers in
2DG-treated groups compared with the control groups, and 2DG
treatment did not exhibit cellular cytotoxicity (Figures 5A, B).
Next, the effect of glucose starvation on PRV replication was
analyzed. The results showed that viral titers were clearly
decreased in PK-15 cells cultured in DMEM lacking glucose
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(Figure 5C). Notably, a tendency toward increased lactate
levels was observed in PK-15 cells infected by the GD-WH
and Bartha strains at 8 hpi, but the level of lactate was slightly
up-regulated in PK-15 cells infected by the GD-WH strain at 16
hpi (Figures 4A, B). This indicated that the fold change of
lactate content in PRV-infected cells was higher at 8 than 16 hpi,
which was not consistent with the time-dependent decreased
levels of gluconate-6-phosphate. Therefore, we speculated that
the gluconate-6-phosphate in the glycolysis pathway might be
converted to other pathways during PRV infection, for example
the TCA cycle or the PPP, in addition to being responsible
for the production of lactate. When the lactate production was
prevented by inhibiting the lactate dehydrogenase (LDH)
enzyme using oxamate, a smaller decline of viral titers was
observed than that in the glucose depletion or 2DG treatment

PK-15 cells (Figure 5C). In addition, oxamate did not reduce the
cell viability by 16 h (Figure 5D). Because lactate is in the
downstream segment of glycolysis, the smaller inhibitory effect of
oxamate on viral replication than glucose depletion supported
our speculation that glycolysis is linked to the TCA cycle or the
PPP during PRV infection of PK-15 cells.

The Effect of the Tricarboxylic Acid Cycle
and the Pentose Phosphate Pathway on
Pseudorabies Virus Replication

In the TCA cycle, only a few metabolites displayed relatively
small changes in PK-15 cells infected by the GD-WH and Bartha
strains. Citrate showed a declining tendency in PK-15 cells
infected by the Bartha strain at 8 and 16 hpi, but not when
infected by the GD-WH strain. However, fumarate and malate in
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greater than that in mock groups.

the TCA cycle were only increased in PK-15 cells infected by
the GD-WH strain at 8 hpi. Decreased levels of 2-ketoglutarate
were detected in PK-15 cells infected by different strains of
PRV at 8 hpi, but levels of succinate were increased by PRV
infection at 16 hpi (Figures 4C, D). Given the minimal and
independent changes of these metabolites in the TCA cycle,
we speculate that the pathway responsible for oxidative
phosphorylation and ATP production might not be entirely
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FIGURE 4 | Statistical analysis of fold change of differential metabolites in PK-15 cells infected with the variant virulent (A, C, E, G) or classical attenuated (B, D, F, H)
pseudorabies virus (PRV) strains at 8 and 16 hpi (mean + SD; n=4). Fold change was calculated as a binary logarithm of the average mass response (normalized peak
area) ratio between PRV-infected groups vs mock groups, where a positive value means that the average mass response of the metabolite in PRV-infected groups was

up-regulated by PRV infection. Possibly only several
metabolites were used as carbon sources. To analyze the role of
the TCA cycle in PRV replication, oligomycin A was used to
prevent oxidative phosphorylation in PK-15 cells infected by
PRV. We only observed a minimal decline of viral titer (Figure
6A). This indicated that oxidative phosphorylation depending on
the TCA cycle is not the key factor for virion production during
PRV infection. Meanwhile, it excludes the possibility that the
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FIGURE 5 | Inhibition of the glycolysis reduced the replication of pseudorabies virus (PRV) in PK-15 cells. (A) The effect of 2-deoxyglucose (2DG) treatment on the
virus titers in PK-15 cells infected with the variant virulent PRV strain. PK-15 cells were pretreated with 10 or 20 mM 2DG for 3 h. Then, cells were infected with PRV
GD-WH strain at an multiplicity of infection (MOI) of 1 and cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10 or 20 mM 2DG. At 16 hpi, the titers
of virus were analyzed as described in Materials and Methods (mean + SD; n=3; **P<0.01; ***P < 0.001). P values were calculated by using an unpaired Student’s t-
test. (B) The effect of 2DG treatment on the cell viability of PK-15 cells. The cell viability of PK-15 cells treated with 10 and 20 mM 2DG was analyzed by the CCK8
assay as described in Materials and Methods (mean + SD; n=3; “SP>0.05). (C) Glucose depletion or oxamate treatment decreased PRV titers in PK-15 cells. PK-15
cells were starved by be cultured in depletion DMEM repleted with 2 mM L-glutamine or pretreated with 50 mM oxamate for 3 h. Then cells were infected with PRV
GD-WH strain at a MOI of 1. After being cultured in depletion DMEM repleted with 2 mM L-glutamine or DMEM containing 50 mM oxamate for 16 h, virus titers were
analyzed as described in Materials and Methods (mean + SD; n = 3; *P < 0.05; **P < 0.01; **P < 0.001). P values were calculated by using an unpaired Student’s t-
test. (D) The effect of oxamate treatment on the cell viability of PK-15 cells. The cell viability of PK-15cells starved by glucose depletion or treated with oxamate for
16 h were analyzed by the CCK8 assay as described in Materials and Methods (mean + SD; n = 3; NP > 0.05).

inhibition of glycolysis by the absence of glucose or 2DG
reduced PRV replication via indirectly affecting the TCA
cycle. Furthermore, the PPP in PK-15 cells was inactivated by
using 6-aminonicotinamide (6AN), an inhibitor of the PPP
enzyme glucose-6-dehydrogenase. The result showed that 6AN
had a sharply inhibitory effect on viral titers that was the same
as in the glucose starvation and 2DG treatments (Figure 6A).
This was consistent with our speculation that gluconate-6-
phosphate enters the PPP to enhance the viral nucleotide
synthesis during PRV infection. Also, neither oligomycin A
nor 6-AN treatment reduced the cell viability during 16 h
(Figure 6B).

Glutamine Is an Essential Factor for
Pseudorabies Virus Replication

The levels of multiple amino acids were changed in PK-15
cells infected by the different PRV strains at 8 and 16 hpi.

These included glutamine, asparagine, histidine, leucine, and
lysine. These amino acids might be related to protein
synthesis or to other metabolic pathways. It has been reported
that glutamine can be employed as a material for nucleic
acid synthesis during HSV-1 infection (Vastag et al, 2011).
Because PRV is a DNA virus with a large genome as in
HSV-1, this study focused on the function of glutamine on
PRV replication. By cultivating the GD-WH strain with
glutamine-deleted DMEM, we found that deletion of glutamine
caused a significant reduction of infectious viral particles at
16 hpi. However, viral titers increased in a dose-dependent
manner after 2 or 4 mM glutamine was supplemented into
glutamine-deleted DMEM (Figure 7A). These data suggested
that glutamine is essential for PRV replication in PK-15 cells.
In addition to being used as a material for nucleotide
biosynthesis, it is known that glutamine can also be converted
to glutamate by the enzymatic activity of glutaminase (GLS).
Subsequently, glutamate can enter the TCA cycle via conversion
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had a repressive effect on PRV replication in PK-15 cells. PK-15 cells were starved by being cultured in glutamine-free DMEM for 3 h. Then, cells were infected with
PRV GD-WH strain at an multiplicity of infection (MOI) of 1 and cultured in normal Dulbecco’s modified Eagle medium (DMEM) or no glutamine DMEM. In
replenishment groups, 2 or 4 mM L-glutamine was added to glutamine-free DMEM. At 16 h, the titers of virus were analyzed as described in Materials and Methods
(mean + SD; n=3; *P<0.05; **P<0.01; **P < 0.001). P values were calculated by using an unpaired Student’s t-test. (B) BPTES treatment had no effect on PRV
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P values were calculated by using an unpaired Student’s t-test. (C) The effect of BPTES treatment on the cell viability of PK-15 cells. The cell viability of PK-15cells
treated with 1 uM BPTES were analyzed by the CCK8 assay as described in Materials and Methods (mean + SD; n = 3; NSP > 0.05). (C) 2-ketoglutarate supplement
cannot recover the effect of glutamine starvation on PRV replication in PK-15 cells. PK-15 cells were starved by being cultured in no glutamine DMEM for 3 h. Then
cells were infected with PRV GD-WH strain at a MOI of 1 and cultured in normal DMEM or no glutamine DMEM. In 2-ketoglutarate supplement groups, 5 mM 2-
ketoglutarate was added in no glutamine DMEM. At 16 h, the titers of virus were analyzed as described in Materials and Methods (mean + SD; n = 3; VP > 0.05).
P values were calculated by using an unpaired Student’s t-test.

to 2-ketoglutarate by glutamate dehydrogenase (GDH). Hence,  replication in PK-15 cells infected by PRV (Figure 7B). In
we further explored whether PRV utilized glutamine to supply ~ addition, we demonstrated that BPTES is not cytopathic to the
the TCA cycle. When the GLS activity was interfered by using  cell viability (Figure 7C). These results suggested that glutamine
the BPTES in PK-15 cells, PRV replication was unchanged  was mainly connected to nucleotide biosynthesis in PK-15 cells
(Figure 7B). Moreover, the supplement of 2-ketoglutarate into  infected by PRV and was not converted to 2-ketoglutarate in
glutamine-deleted DMEM did not prevent the decline of viral ~ the TCA cycle.
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DISCUSSION

The development of metabolomics makes it possible to perform
systematic analyses of complicated cellular metabolic networks,
thus offering a new perspective for understanding the basic
replication characteristics of viruses in their host cells (Munger
etal,, 2008). To explore how PRV reprograms metabolic features
to benefit its replication in host cells, PK-15 cells were selected to
be a viral infection model, a method that is typically used to
research PRV growth in vitro (Yu et al., 2016). To reveal the basic
metabolic characteristics in PRV-infected cells, the variant
virulent GD-WH and classical attenuated Bartha strains were
used to infect PK-15 cells, and the cells were analyzed by GC-MS
in this study. The virulent variant strain was reported to be
epidemic in China since 2012, and the Bartha strain was an
attenuated vaccine that has been widely administered in the
global swine industry since the 1970s (Yu et al, 2014). The
GC-MS data showed that many metabolites were increased
in glycolysis, the TCA cycle, amino acid metabolism, and
nucleic acid metabolism in PK-15 cells infected by the different
viral strains. The common metabolic profile of PK-15 cells
infected by these different PRV strains demonstrated that
metabolite reorganization might be a fundamental biochemical
requirement for viral replication, which has also been reported
in HSV-1 or HCMV-infected cells (Vastag et al., 2011).
Interestingly, although PRV is closely associated with HSV-1,
many amino acids in PRV-infected PK-15 cells displayed a
reverse tendency compared with HSV-1 infected host cells. We
speculate that different viruses might organize their own
metabolic networks to serve viral replication. By establishing
the relationships between potential pathways, the metabolic
networks in PK-15 cells infected by PRV at 8 (Figure 8A) and
16 hpi (Figure 8B) could be predicted.

In mammalian cells, glycolysis and the TCA cycle are key
processes in central carbon metabolism, linking glucose to
energy production and amino acid, lipid, and nucleotide
biosynthesis. In glycolysis, the levels of glycerol-3-phosphate
and glycerone-P were increased at 8 (Figure 8A) and 16
(Figure 8B) hpi for both viral strains. This indicated that PRV
activated the glycolysis pathway in PK-15 cells during the
infection stage. The time-dependent consumption of
gluconate-6-phosphate in PRV-infected cells further supported
this hypothesis. It has been reported that the glycolysis pathway
is enhanced by some viruses to benefit their replication. For
example, the replication of HSV-1 and norovirus rely on active
glycolysis in host cells (Abrantes et al., 2012; Passalacqua et al,,
2019). Our results showed that replication of PRV in PK-15 cells
could be obviously down-regulated by glucose depletion and the
glycolysis pathway inhibitor 2DG or oxamate. However, we only
observed a minimal decline of viral titer after oxidative
phosphorylation in PK-15 cells was interfered with by using
the oligomycin A. Furthermore, we found that the inhibition of
the PPP had a clearly inhibitory effect on viral titers in PRV-
infected PK-15 cells. These results indicated that glycolysis and
PPP is mainly promoted and utilized for PRV replication in PK-
15 cells, but not the oxidative phosphorylation in the TCA cycle.

It has been shown that the TCA cycle is modulated to
promote pyrimidine production by HSV-1 or for fatty acid
biosynthesis by HCMV (Munger et al., 2006; Vastag et al.,
2011). Considering that citrate and 2-ketoglutarate can be
converted to succinate, the opposite change trends of 2-
ketoglutarate and succinate in PRV-infected PK-15 cells
support the suggestion that succinate in the TCA cycle might
be employed as a central carbon source that is subsequently
connected with amino acids or nucleotide metabolism but is
not involved in ATP production (Figures 8A, B). Although PRV
belongs to the same family as HSV-1 and HCMV, the flow of
the enhanced central carbon metabolism in PK-15 cells needs to
be further elucidated in future studies.

Previous reports showed that amino acid metabolism was
disturbed during dengue virus infection and that amino acids
may be converted into other biomolecules such as pyruvate and
acetyl-coA (Birungi et al., 2010). The results of previous
proteomic analyses showed that 21 proteins were up-regulated
in the protein processing pathway in the endoplasmic reticulum
of PK-15 cells infected by PRV (Yang et al., 2017). Whether the
increased levels of amino acids observed in this study were
associated with enhanced protein synthesis needs to be further
explored. It has been demonstrated that glutamine is a key factor
for the replication of some viruses (Vastag et al., 2011; Fontaine
et al., 2014). Considering this, the role of glutamine in PRV
replication was explored in the present study. We found that
viral titers of PRV were decreased in the absence of glutamine in
the culture medium. Further experiments showed that glutamine
supplementation could rescue the replication of PRV. In addition
to glucose, glutamine is a primary carbon donor for the TCA
cycle. It has been shown that HCMV and vaccinia virus can
manipulate glutamine metabolism to compensate for the
diversion of glucose via the TCA cycle (Chambers et al., 2010;
Fontaine et al., 2014). However, inhibition of GLS activity or
supplementing 2-ketoglutarate into glutamine-deleted DMEM
did not affect PRV replication in PK-15 cells. This indicates that
glutamine did not enter the TCA cycle in PRV-infected PK-15
cells, in contrast to host cells infected by HCMV or vaccinia
virus. We speculate that PRV utilizes glutamine to serve in
purine or thymine synthesis, as has been reported in host cells
infected by HSV-1 or gallid alpha herpesvirus 1 (Qiao
et al., 2020).

The adenine and thymine contents in PK-15 cells were
increased by both the GD-WH and Bartha PRV strain at 8 hpi
(Figures 4G, H). These results are consistent with previous
reports, where the levels of deoxyadenosine triphosphate
(dTMP) and deoxythymidine triphosphate (dTTP) were shown
to continuously increase in growth-arrested fibroblasts
throughout HSV-1 infection (Vastag et al., 2011). Like HSV-1,
PRV is a double-stranded DNA virus with an approximately
140-kb genome. Hence, it is essential for PRV to manipulate
nucleotide precursors in host cells for viral DNA synthesis. In
addition, our study showed that uridine levels increased in PK-15
cells during infection by the GD-WH and Bartha strains; this can
occur in DNA as a result of cytosine deamination or through the
misincorporation of dUTP (Chen et al., 2002). It has been shown

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2021 | Volume 10 | Article 599087


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Gou et al.

Pseudorabies Virus Reprograms Metabolic Profiles

[ —— Glucose
:O Valine

1
Leucine
Isoleucine

A D-gluconate-6P D-Ribulose-5P s
phosphate
[ —— Glucose
:. Valine B-D-Fructose-6P pethuy
! (Giyeones ]
: Leucine ——
i Glycerone-P, [T ——
i Isoleucine | lactate, 1() Tryptophan
e 1 Gy, E P 1 Tyrosit
r H We, rythrose yrosine
1 Lysine e, 1
.O No diffe @ "t [ S
i Gy %3
Vee,
H Increased Pyruvate "ate, e
i Acetyl-CoA, p . s
: H Glycine
1Q) Decreased !
"""""" H Serine
1
& i
” i Threoni
itrate hydroxy i i
Glutami - -proline ' Cysteine
| i
H Methionine
(S)-Malate m 2-ketoglutarate Histidine [
Proling;
Fumarate Succinate 4-amin oate_| Omithine Arginine
Glutamate'
N-Carbamoyl Carbamoyl Arginine and
~aspartate \/\Mh:m proline metabolism
Glutamine’
Spee beta-Alanine
' Thymine §-Phosphoribosylamine
et Adenkie Pantothenate
Purine
metabolism
B

Threonine
Cysteine

Methionine

Carbamoyl!
7\ Ihosph:m

Succinate

’grhymina

Pyrimidine
metal

indicates no difference metabolites.

Pantothenate

FIGURE 8 | Schematic overview of metabolic pathways in PK-15 cells infected by different pseudorabies virus (PRV) strains at 8 (A) and 16 (B) hpi. The
metabolites are shown in different colors according to their changes: red indicates increased metabolites; green indicates decreased metabolites, and white

that dUTPase (UL50) from HSV-1 can reduce the incorporation
of uracil into genomic DNA by increasing the conversion of
dUTP to dUMP (Bogani et al., 2009). Furthermore, uracil-DNA
glycosylase (UL2) is responsible for the accurate removal of
uracil from viral DNA (Bogani et al., 2010). Further studies are
needed to ascertain whether the extra uridine content in PK-15
cells infected by the GD-WH or Bartha strain was attributed to
the presence of similar viral enzymes as in HSV-1.

In this study, we generated the first metabolic profiles of PK-
15 cells infected by the variant virulent or classical attenuated

PRV strains. PRV infection primarily affected the metabolic
pathways in PK-15 cells, including glycolysis, amino acid
metabolism, and nucleotide metabolism, but there was
minimal regulation of the TCA cycle. Interestingly, the
metabolic profiles were similar for the variant virulent and
classical attenuated strains during infection of PK-15 cells.
Although PRV belongs to the same family as HSV-1 and
HCMYV, it leads to different metabolic consequences. The
results of this study may clarify the biochemical materials
utilized by PRV replication in host cells.
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